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AERODYNAMIC CHARACTERISTICS OF A FAMILY OF MULTISTAGE 

I MISSILES AT A MACH NUMBER OF 6.0 

By E. Leon Morrisette and David J. Romeo 
Langley Research Center 

SUMMARY 

A n  investigation of the aerodynamic characteristics of a series of one-, 
two-, and three-stage missiles was conducted through an angle-of-attack range 
from about -2O to 15O at a Mach number of 6. Geometric variables considered 
were nose shape, flare size and shape, stage fineness ratio, and interstage 
diameter ratio. FXperimentally determined values of axial-force, normal-force, 
and pitching-moment coefficients are compared with calculations based on 
Newtonian impact theory for a total of 46 configurations. 
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The theory was found to predict satisfactorily the effect of a change in 
design variables and angle of attack for those configurations without flow 
separation. In general, the predictions improved with increasing nose blunt- 
ness and stage fineness ratio and with decreasing interstage diameter ratio 
and number of stages. 

The effects of variation of fineness ratio and interstage diameter ratio 
were strongly influenced by boundary-layer separation. Regions of flow separa- 
tion on a relatively small third stage had large effects on the flow over the 
second stage and resulted in significant variation in the aerodynamic coeffi- 
cients. 
in axial force and significant deviation from the theory at high angles of 

Bow-shock impingement on interstage fairing resulted in large increases 

attack. 

INTRODUCTION 

The aerodynamic characteristics of cone-cylinder and cone-cylinder-flare 
missile configurations have been studied in detail at supersonic Mach numbers 
(for example, refs. 1 to 4). 
sonic Mach numbers are limited to specific design studies (for example, refs. 5 
to 7) or  configuration studies with few variables (for example, refs. 8 and 9 )  
with the exception of a parametric study of two-stage configurations over a 
Mach number range of 1.5 to 5.0 as reported by Glover in reference 10. 

However, data on multistage combinations at hy-per- 

It is the purpose of the study reported herein, therefore, to help fill 
the need for a systematic investigation of the parameters involved in multistage 



missile design and to examine the applicability of the Newtonian impact calcu- 
lations (see ref. 11) for prediction of the aerodynamic coefficients on these 
bodies at hypersonic Mach numbers. 

This paper presents the experimental and calculated longitudinal force 
and moment coefficients of a series of one-, two-, and three-stage missiles 
through an angle-of-attack range of about -2' to l5O at a Mach number of 6.0. 
The effects of changes in fineness ratio, interstage diameter ratio, and nose 
shape are presented as well as the effect of stabilizing flares on a typical 
three-stage configuration. 

SYMBOLS 

The aerodynamic coefficients are referred to the body-axis system, and 
are based on the first-stage cross-sectional area of 2.404 sq in. and the 
first-stage diameter of 1.75 inches. The pitching-moment coefficients are 
given about the configuration center of volume, nose and stabilizing flare 
contribution being ignored. 

A 

C A 

CN 

Cm 

cma 
d 

2 

9 

Xref 

a 

e 

cross-sectional area of first stage 

Axial force axial-force coefficient, 
SA 

Normal force normal-force coefficient, 
SA 

Pitchinp moment pitching-moment coefficient, 
qAdF 

pitching-moment-curve slope 

diame t e r 

length 

free-stream dynamic pressure 

distance from model base to reference center measured in first- 
stage diameters 

angle of attack 

fairing half-angle 
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Subscripts : 

I F  pertains to first stage 

Fr pertains to stabilizing flare 

N pertains to nose 

S pertains to second stage 

T pertains to third stage 

I , 

Model component designations: 

F1 first-stage body (fineness ratio of 5 )  

Frl 14' half-angle conical flare (base diameter equal to 2.0dF) 

Fr2 

Fr3 

14' half-angle conical flare (base diameter equal to 1.5dF) 

450 half-angle conical flare (base diameter equal to 2.0d~) 

N1 20° sharp cone nose (radius equal to 0) 

N2 20' blunted cone nose (radius equal to O.l25d~) 

N3 

N4 

si, s2, . . . , s6 

20' blunted cone nose (radius equal to 0.375dN) 

hemisphere nose (radius equal to 0.500dN) 

second-stage bodies ( see fig. 1( b) ) 

T1, T2, . . . , ~ 1 8  third-stage bodies ( see fig. 1( b) ) 

APPARATUS 

Tunnel 

This investigation was conducted in the Langley 20-inch Mach 6 tunnel. 
The tunnel is of the intermittent type and can operate with a stagnation pres- 
sure varying from approximately 7 to 38 atmospheres and a maximum stagnation 
temperature up to 600° F. 
fuser that is augmented by an air ejector. 
sting-mounted, strain-gage balance and the data were recorded on a high-speed 
digital-tape system. 
of the model was used to measure angle of attack of the model directly. More 
detailed descriptions of the tunnel and optical system are given in refer- 
ence 12. 

The tunnel exhausts to the atmosphere through a dif- 
The models were supported by a 

An optical system with a prism mounted in the first stage 
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Models 

The models used in the program are shown and described in figures 1 and 2. 
Figure l(a) shows a typical complete configuration and figure l(b) identifies 
the components that were used to make up the 46 different model configurations 
tested. The dimensions and geometric characteristics of the model components 
are given in figure 2. The configurations tested are identified by a combina- 
tion of the component designations as given in figures l(b) and 2. The range 
of geometric variables is summarized below. 

Noses.- The four nose types tested were: 

N1 - a 200 sharp cone 
N2 - a 200 cone blunted with a radius equal to 0.125d~ 
N3 - a 200 cone blunted with a radius equal to 0.375d~ 
N 4  - a hemisphere 

Bodies.- The stages had fineness ratios of 2 and 5, and had their inter- 
stage fairings determined by the condition that the axial length of the fairing 
was equal to the diameter of the smaller stage. 

Flares.- Conical flares Frl and Fr2 had half-angles of 14.0° and their base 
diameters were 2.0 or 1.5 times the first-stage base diameter. 
Fr3 had a half-angle of 45.00 and its base diameter was 2.0 times the first- 
stage base diameter. 

Conical flare 

TESTS AND ACCURACY 

Each configuration was tested through an angle-of-attack range from -2.50 
to 14.5O at a free-stream Mach number of 6.0. 
was 390 psia, the stagnation temperature was 400° F, and the corresponding unit 
Reynolds number was approximately 7.4 x lo6. 

The tunnel stagnation pressure 

The maximum uncertainties in the force and moment coefficients for the 
individual test points due to the strain-gage balance were: 

C N . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  koso2 

c*. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  f0.02 
Cm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  kO.14 

The stagnation pressures and base pressures were measured to an accuracy of 
f2 .5  psia and kO.005 psia, respectively. 
and the angle of attack could be set to an accuracy of fO.100. 
coefficients were corrected to give coefficients corresponding to a base pres- 
sure equal to free-stream pressure. 

The Mach number uncertainty was k0.02 
The axial-force 
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Newtonia 

THEORY 

impact theory (ref .  11) w a s  used t predict  the aerodynamic 
coefficients of a l l  46 of the  tes ted configurations. 
is  based on a maximum pressure coefficient o f  2.0. 
owing effect"  of a stage on i t s  t r a i l i n g  f lare ,  an approximate l i nea r  boundary 
w a s  used t o  calculate  the coefficients,  although the  t rue  shadowed portion of 
the f l a r e  w a s  bounded by parabolic arcs. This resulted i n  lower axial-force 
coeff ic ients  and higher normal-force coefficients a t  low angle of a t tack than 
would have been obtained without considering the  shadowing effect .  
on depended on the position of the f l a r e  re la t ive  t o  the model center of 
gravity. As the angle of a t tack increased, the  f l a r e  became self-shadowing and 
the assumption of the l i nea r  boundary i s  exact. 

The theory, as presented, 
In  accounting f o r  the "shad- 

The e f f ec t  
Cm 

RESULTS AND DISCUSSION 

The data presented i n  figures 3 t o  8 show the r e su l t s  of varying 
CA, CN, and Cm f o r  the one-, two-, and three-stage models tes ted.  Both 
experimental data and Newtonian impact theory a re  presented. 
i s  presented i n  the following order: effects  of nose shape, e f fec ts  of f ine- 
ness r a t i o  and inters tage diameter ra t io ,  and ef fec ts  of f l a r e s  on a three-stage 
configuration. 

a on 

The discussion 

Effects of Nose Shape 

"he four nose shapes were tes ted  on one-, two-, and three-stage vehicles. 
Each stage had a fineness r a t i o  of 5.  On the multistage configurations, each 
inters tage diameter r a t i o  was 1.6. 
increase i n  CA and a decrease i n  CN and Cm f o r  a l l  three types of config- 
urations t e s t ed  ( f ig s .  3 t o  5).  

Increasing the nose bluntness caused an 

Newtonian theory gave excellent prediction of the axial-force coeff ic ient  
fo r  the blunt ( N 4  nose) single-stage body ( f ig .  3 )  but underestimated the values 
f o r  the sharper cones. The value of CA for  the sharp cone could have been 
b e t t e r  estimated by oblique-shock theory. Newtonian theory predicts a substan- 
t i a l  increase i n  
mental data show l i t t l e  difference i n  the values. The theory overestimates the 
increase of CN with angle of a t tack f o r  a l l  the  single-stage bodies. A t  the  
higher angles of attack, the  calculated decrease i n  CN due t o  blunting w a s  
approxhately 20 percent, whereas the experimental values show a 30-percent 
decrease. The pitching-moment coefficients showed good agreement w i t h  theory 
throughout t he  angle-of-attack range. 

CA f o r  a cone blunted t o  a radius of O.l25d~, but the experi- 

A s  the  number of stages increased, the r e l a t ive  nose s ize  became smaller 
and the e f f ec t s  of nose bluntness variation diminished. Thus, the var ia t ion of 
the  aerodynamic force coefficients due t o  nose blunting on the two-stage bodies 
( f ig .  4)  was l e s s  than t h a t  f o r  the one-stage bodies ( f ig .  3) .  The theory was 
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in good agreement with the data for CA and CN. The agreement of theory and 
data improved for the three-stage vehicles (fig. 5) and the variation of force 
coefficients due to blunting was further decreased. The pitching-moment coef- 
ficients increased with increasing number of stages for both the theory and the 
data; however, the theory estimated the pitching-moment coefficients best for 
the one-stage missiles. 

Effects of Fineness Ratio and Interstage Diameter Ratio 

The aerodynamic coefficients (figs. 6 and 7) were well described by theory 
for configurations of high fineness ratios and small interstage diameter ratios. 
The agreement between theory and data was especially sensitive to interstage 
diameter ratio, and large discrepancies resulted for configurations having an 
interstage diameter ratio of 2.4. These discrepancies between theory and data 
resulted from large regions of laminar flow separation at low angles of attack, 
due to the large fairing angle o r  the close proximity of the flare to the bow 
shock at high angles of attack. 

For the two-stage missiles shown in figure 6, an increase in the interstage 
diameter ratio (dF/ds) from 1.2 to 1.6 is accompanied by a reduction in the 
value of CA to below that of the single-stage missile (fig. 3); however, a 
further increase in 
force. This reversal is a result of the increase in interstage flare angle 
with change in diameter ratio. The flare angles for the interstage diameter 
ratios of 1.2 and 1.6 are less than the nose-cone angle, whereas the flare angle 
for dF/ds = 2.4 is much greater than the nose-cone angle. In the low angle- 
of-attack range, the measured axial-force coefficients for two-stage missiles 
of large interstage diameter ratio were significantly lower than the predicted 
values. This overestimation was caused by regions of laminar separated flow on 
the interstage flares, which resulted in pressures lower than estimated on por- 
tions of the flares. The decrease in axial force was greatest for configura- 
tion N2-S5-F1 which has a fineness ratio (2S/dS) of 3 and an interstage diameter 
ratio (dF/dS) of 2.4 (fig. 6(b)). For this configuration the region of separa- 
tion was large (see schlieren photograph, fig. 6(b)) and the axial-force coeffi- 
cient at a = Oo was only about one-half the value estimated by theory. There 
was also a region of separation on configuration N2-S6-F1 (fig. 6(a)) which 
had the same theoretical value of CA at a = 00, but the short length of the 
second stage (2s/ds = 2) reduced the region of separation and lessened the 
decrease in axial force. 
increased to values significantly higher than estimated f o r  configurations with 
the large diameter ratios (dF/dS = 2.4). This increase is caused by the inter- 
stage fairing moving close to the bow shock and thereby being placed in a region 
of high dynamic pressure, which results in higher than estimated pressure on the 
fairing. (See ref. 13. ) 

dF/ds to 2.4 is accompanied by a greatly increased axial 

As the angle of attack increased, the axial forces 

The combination of separation and bow-shock impingement results in a much 
greater increase in CN with a than estimated for the configurations with 
large interstage diameter ratios. The separation causes higher pressures on 



the cylindrical portions of the stages, and this increase in normal force is 
greater than the decrease due to the lowered fairing pressures. The values of 
CN for the missiles with dF/dS of 1.2 and 1.6 are consistent with the theory, 
although the slopes of the CN curves are slightly underestimated at a = 0'. 
Except for configurations having dF/ds of 1.2, the pitching-moment coeffi- 
cients are underestimated at angles of attack greater than 12O. The pitching- 
moment curves for configurations with 
mated at low angles of attack, as a result of the forward movement of the center 
of pressure and increased normal force due to separation. 

dF/dS of 2.4 are much higher than esti- 

The addition of a third stage to the two-stage configurations does not 
significantly alter the general patterns of the data (fig. 7). 
exception to this occurs when a third stage of large interstage diameter ratio 
(dS/dT = 1.6 or 2.4) is on a configuration having a large first- to second- 
stage diameter ratio (dF/ds = 2.4; figs. 7(a), 7(d), and 7(g)). 
layer is apparently tripped (made turbulent) by the third stage and there is 
little or no separation on the first- to second-stage fairing (see schlieren 
photograph, fig. 7(g)) and the resulting axial-force coefficients are close to 
the theoretical values. The forward movement of the center of pressure is more 
pronounced for the three-stage vehicles with ds/% of 2.4; for example, con- 
figuration N2-T6-Sl-F1 (fig. 7( f)) has a pitching-moment coefficient that is 
more than four times the theoretical value at 
pitching-moment coefficient about the configuration center of volume was, in 
general, more positive than estimated by impact theory. 

A notable 

The boundary 

a = 70. The slope of the 

Although the prediction of the separation is beyond the scope of this 
investigation, significant improvements in calculation of the overall perform- 
ance of these configurations would have been expected from the use of available 
separation criteria. 

Effects of Flares 

A typical three-stage configuration having a stage fineness ratio of 5, 
interstage diameter ratio of 1.6, and a nose of type N2 was tested to determine 
the effects of three flares (fig. 8). All three flares caused increases over 
basic body values in CA and CN and a decrease in Cm. Flares Frl and Fr2 
with 140 half-angles had little or no flow separation and the data follow the 
theoretical curves closely, whereas flare Fr3 with a 45' half-angle caused 
extensive flow separation and the data varied considerably from the theory. 
Even with the flow separation, the axial-force coefficient for the configura- 
tion with flare Fr3 was large; this c aracteristic combined with the large nor- 
mal force, resulted in a stable body yCm, negative). Flare Frl also resulted 
in a stable configuration throughout the angle-of-attack range, whereas the 
configuration with Fr2 was stable only over a small angle-of-attack range 
(approximately 50 to 80) .  
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CONCLUDING REMARKS 

An investigation of the aerodynamic characteristics of a series of one-, 
two-, and three-stage missiles was conducted at a Mach number of 6. Parameters 
considered were nose shape, flare size and shape, stage fineness ratio, inter- 
stage diameter ratio, and angle of attack. Experimentally determined values of 
axial-force, normal-force, and pitching-moment coefficients are compared with 
calculations based on Newtonian impact theory for a total of 46 configurations. 

Newtonian impact theory was found to predict satisfwtorily t h e  effect. of 
a change in design variables and angle of attack for those configurations with- 
out flow separation. In general, the predictions improved with increasing nose 
bluntness and stage fineness ratio and with decreasing interstage diameter ratio 
and number of stages. 

Boundary-layer separation played a strong part in the result of variation 
Regions of flow separation on of fineness ratio and interstage diameter ratio. 

a relatively small third stage had large effects on the flow over the second 
stage and resulted in significant variations in the aerodynamic coefficients. 
Bow-shock impingement on interstage fairing resulted in large increases in axial 
force and significant deviation from theory at high angles of attack. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., December 14, 1964. 
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(a) Configuration NJ-P-S3-F1. 

Figure 1.- Model and components. 
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L 

Second s t a g e  

s1, s 2  
s3, s 4  
S5, S6 

2 7  

T 

lT /dT = 2 l / d  = 5  
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S5, S6 

Dimensions o f  c o n f i g u r a t i o n  N3-T9-S3-F1 

1 . 2  1.6 2 .4  1 .2  1 . 6  2.4 
T2 T4 T6 T1 T3 T5 
T8 T10 T12 T7 T9 T11 
T14 1 T16 T18 T13 T15 T17 

First- to second-stage diameter ratio, dF/ds I 

lT /dT = 2 
Second s t a g e  

F i r s t  s t a g e  

s 2  s 4  

l / d  = 5  T T  

I I Second- to third-stage diameter ratio, I 

T 
2 
F r  

Flares 

Con f i g .  kl d F r  

3.500 
2.625 
3.500 

3.500 TI 1.750 

H a l f - a n g l e ,  

14.0 
'400 .250 1 45.0 

I I I I I I 

Figure 2.- Model dimensions and designations. (All dimensions are in inches.) 
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Figure 3 . -  Effect of nose variation on aerodynamic characteristics of four 1-stage missiles. 
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Figure 4.- Effect of nose variation on aerodynamic characteristics of four 2-stage missiles. 
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Figure 5.- Effect of nose variation on aerodynamic characteristics of four j-stage missiles. 
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Figure 6.- Concluded. 
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Figure 7.- Effect of variation of fineness r a t i o  and interstage diameter ratio on 
aerodynamic characteristics of twenty-seven 3-stage missiles. 
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Figure 7.- Continued. 
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Figure 8.- Effect of various stabilizing flares on aerodynamic characteristics of a typical 
three-stage configuration. 

NASA-Langley, i965 L- 3873 29 


